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Recently, we reported that in vitro and in vivo persistent infection of neurons by lymphocytic choriomeningitis virus (LCMV)
downregulated GAP43 expression, a protein involved in neuronal plasticity associated with learning and memory. Here, we
investigated the transcriptional and posttranscriptional events involved. Persistent LCMV infection of PC12 cells (PC12Pi)
caused reduced levels of GAP43 steady-state mRNA when compared to uninfected PC12 cells. In addition, an increase in
the steady-state levels of GAP43 mRNA observed in PC12 cells in response to nerve growth factor (NGF) was abrogated
in PC12Pi cells. Nuclear run-on analysis revealed that the rate of GAP43 transcription was reduced threefold in PC12Pi
cells compared to uninfected PC12 cells. Moreover, analysis of the half-life of GAP43 mRNA indicated that NGF-mediated
stabilization of GAP43 transcripts was significantly diminished in PC12Pi cells. Treatment of PC12Pi cells with basic fibroblast
growth factor, dibutyryl cyclic AMP, and 12-o-tetradecanoyl-phorbol-13-acetate, a potent activator of protein kinase C, did
not increase the GAP43 mRNA steady-state level, suggesting that LCMV infection interferes with a step downstream from
protein kinases A and C in the NGF signal transduction pathway. q 1997 Academic Press
INTRODUCTION persistent viral infection can lead to neurologic disorders
of currently unknown etiology (de la Torre et al., 1993;
Within the central nervous system (CNS), neurons are
Oldstone, 1993).
frequent targets for persistent virus infections (Kristens-
Lymphocytic choriomeningitis virus (LCMV), a member
son and Norrby, 1986; ter Meulen et al., 1984). The estab-
of the arenavirus family, is a noncytolytic virus. Infection
lishment of such persistence is facilitated by the fact that
of newborn mice leads to the establishment of a long-
cells in the CNS are normally protected from direct attack
term persistent infection involving most major organs,
by antibodies by an intact blood–brain barrier. Further,
including the brain, in the absence of any significant
the lack of expression of major histocompatibility com-
inflammation or structural damage of infected cells and
plex (MHC) class I molecules renders infected neurons
tissues (Buchmeier et al., 1980). Within the CNS, viral
resistant to recognition and attack by cytotoxic T-lympho-
antigens are present primarily in neurons especially in
cytes (Joly et al., 1991; Joly and Oldstone, 1992; Oldstone,
the neocortex, thalamus, cerebellum, and hippocampus
1993). In addition, metabolic features of neurons exert
(Fazakerly et al., 1991; Rodriguez et al., 1983). Persistently
special host-cell restrictions on virus replication, and
infected (Pi) mice have a healthy appearance, but display
both productive and nonproductive viral infections can
neurobehavioral deficits on testing, which have beenbe propagated over long distances within the CNS via a
linked to neurochemical abnormalities (de la Torre et al.,network of cellular extensions.
1996; Gold et al., 1994; Hotchin and Seegal, 1977). WeFrequently, virally mediated brain disorders result as
have recently shown that LCMV-Pi mice exhibit alter-a consequence of destruction of specific populations of
ations in synaptic plasticity and cognitive functions thatbrain cells. However, neurons can harbor viruses that
directly correlated with a decreased expression of theare neither cytolytic nor recognized by the host’s immune
neural growth-associated protein GAP43 (de la Torre etsystem. Such viral persistent infections may result in al-
al., 1996; Gold et al., 1994). GAP43 is known to play ateration of neuronal functions and subsequent distur-
key role in the neural plasticity associated with learningbances of brain functions, although the infected cells
and memory (Bisby and Tetzlaff, 1992; Gispen et al., 1991;retain their normal anatomic architecture (Kristensson
Strittmatter et al., 1992). We also showed that LCMV per-and Norrby, 1986; Mohammed et al., 1993; Oldstone,
sistent infection prevented the upregulation of GAP431989). These findings have led to the hypothesis that
mRNA that is normally associated with the differentiation
of PC12 cells into the neuronal phenotype (de la Torre
1 To whom correspondence and reprint requests should be ad-
et al., 1996).dressed at Division of Virology, Department of Neuropharmacology,
This study focuses on pursuing the molecular levelsThe Scripps Research Institute, 10550 N. Torrey Pines Road, La Jolla,
CA 92037. Fax: (619) 784-9981. E-mail: Juanct@scripps.edu. at which LCMV persistent infection alters the expression
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of GAP43. We continued to use PC12 cells, a rat pheo- fied on the basis of optical density and size fractionated
on 1% agarose formaldehyde gel electrophoresis. Afterchromacytoma cell line, extensively used to study the
regulation of GAP43 expression during neuronal differen- electrophoresis, gels were briefly washed in H2O (15 min,
with two changes) and then with 10 mM sodium phos-tiation in response to NGF (Greene and Tischler, 1976).
We present evidence that LCMV persistent infection in- phate (pH 6.5) for 20 min at 407. RNA was transferred to
nylon membrane by capillary action overnight. RNA wasfluences both the rate of GAP43 transcription and the
posttranscriptional stabilization of GAP43 mRNA induced UV cross-linked to the membrane by using a total of 1.2
1 105 mJ (UV Stratalinker 1800; Stratagene, La Jolla, CA),by NGF treatment. Our data also suggest that the effect
of viral infection on GAP43 mRNA stability involves a and the blots were sequentially hybridized with the fol-
lowing probes: cDNA of rat GAP43, cDNA of rat glyceral-factor(s) downstream of protein kinases A and C along
the signal transduction pathway of NGF. dehyde-3-phosphate dehydrogenase (GAPDH), and a
cDNA corresponding to the LCMV nucleoprotein (NP).
The probes were labeled by using an oligolabeling kitMATERIALS AND METHODS
from Pharmacia Biotech (Piscataway, NJ). Routinely, a 5–
Cells and viruses 10 ng/ml concentration of probe with a specific activity
of 5 1 108 to 10 1 108 cpm/mg was used. HybridizationsPC12 cells were grown in Dulbecco’s modified Eagle’s
were done at 657 for 3 to 4 hr in QuickHyb solutionmedium (DMEM) with 10% horse serum and 7% fetal
(Stratagene). Afterward, the membrane was washedbovine serum (both heat-inactivated at 567 for 30 min).
twice with 21 SSC at 657 for 10 min each, then twiceThe ARM 53b strain of LCMV is a triple-plaque-purified
with 0.21 SSC. When necessary, stripping of the probeclone from ARM CA 1371 (Dutko and Oldstone, 1983).
was done by boiling the membrane in 10 mM Tris–HCl,ARM 53b LCMV virus stock was prepared by infection
pH 7.4, 5 mM EDTA, and 0.5% SDS for 15 min. Whenof BHK-21 cells as described (de la Torre et al., 1993).
indicated, signals corresponding to RNA hybridizationPC12 cells were infected with LCMV ARM 53b at a multi-
were quantitated by PhosphorImager scanning.plicity of infection (m.o.i.) of 3 plaque-forming units (PFU)
per cell. After adsorption for 1 hr at 377, the virus inocu-
Nuclear run-on analysis
lum was removed and fresh medium added. The estab-
PC12 and PC12Pi cells were plated onto 100-mmlishment of PC12 cells persistently infected with LCMV
dishes coated with collagen (6 mg/cm2) the day beforewas determined as follows: 72 hr after infection, the cells
the experiment. Cells were washed with ice-cold PBSwere subcultured. After four passages, the infected PC12
(10 mM sodium phosphate, pH 7.4, 150 mM NaCl) andcells were examined for expression of viral antigen by
the nuclei were prepared by the method of Greenbergimmunofluorescence and the number of cells produc-
et al. (1985). Run-on reactions were performed in thetively infected was determined by infectious center
presence of 100 mCi of uridine [a-32P]triphosphate (800assay.
mCi/mmol, Amersham, Cleveland, OH) as described
(Greenberg et al., 1985). After the reaction, samples wereChemicals and treatment of PC12 cells
digested with 100 units of DNase I (RNase-free, Boeh-
Nerve growth factor (NGF) (7S, Sigma Chemical Co., ringer-Mannheim, Indianapolis, IN) and the 32P-labeled
St. Louis, MO) was prepared as 5001 stock solution at transcripts were purified using TRI reagent for liquid
a concentration of 50 mg/ml in low serum medium samples (Molecular Research Center, Inc.). A total of
(DMEM with 2% heat-inactivated horse serum). Basic fi- about 107 cpm of 32P-labeled RNA was hybridized to
broblast growth factor (0.67 mg/ml) was purchased from DNAs immobilized on a nytran membrane (Schleicher &
Sigma. Dibutyryl cAMP (Sigma) was reconstituted as Schuell, Keene, NH) in a buffer containing 25 mM Pipes,
stock solution of 50 mM with low serum medium. 12-o- pH 7.2, 50% formamide, 0.75 M NaCl, 2.5 mM EDTA, and
Tetradecanoyl-phorbol-13-acetate (TPA) (Sigma) was re- 100 mg/ml yeast tRNA (Sigma) at 427 for 48 hr. Washing
constituted as stock solution of 1.6 mM with dimethyl was performed as described (Greenberg et al., 1985).
sulfoxide (DMSO). The day before the treatment, 2 1 106 Filters were dried and hybridization signals quantitated
PC12 or PC12Pi cells were plated onto 60-mm dishes by PhosporImager. Linearized plasmid puc18 was used
coated with collagen (6 mg/cm2, type I, Sigma). For the as a control for background hybridization. A 1-kb linear-
treatment, the culture medium was replaced with 4 ml ized cDNA fragment of the rat GAP43 and a 600-bp cDNA
low serum medium containing the desired agents at the fragment of rat GAPDH were also immobilized on the
final concentrations: 100 ng/ml of NGF; 10 ng/ml of bFGF; membranes. In each case, DNAs (2 mg) were denatured
1 mM dbcAMP, and 160 nM TPA. at 657 for 20 min in 61 SSC, 26.7% formaldehyde, trans-
ferred to ice, and applied to the membrane under weakNorthern blot analysis
vacuum using a slot apparatus. Afterward, the slots were
washed twice with 21 SSC and DNA UV cross-linked toTotal RNA was isolated using TRI reagent (Molecular
Research Center, Inc., Cincinnati, OH). RNA was quanti- the membrane using a total of 1.2 1 105 mJ.
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Determination of the half-life of GAP43 mRNA
PC12 and PC12Pi cells were cultured with or without
NGF (100 ng/ml) for 24 hr before 5,6-dichloro-1-b-ribofur-
anosyl benzimidazole (DRB) (Calbiochem, San Diego,
CA) was added to the medium at a final concentration
of 21 mg/ml (65 mM). Total RNA was extracted at the
indicated time points with TRI reagent. RNA was quanti-
fied on the basis of optical density. The level of GAP43
mRNA was determined by ribonuclease protection assay
(RPA). A MspI fragment of the rat GAP43 cDNA (nucleo-
tides 80–378) was cloned in an antisense polarity, down-
stream of the T7 promoter. A negative-sense GAP43 ribo-
probe was generated by in vitro transcription with T7 FIG. 1. LCMV persistent infection downregulates the expression of
GAP43 mRNA. (A) Total RNA extracted from PC12 cells (lanes 1 andpolymerase in the presence of uridine [a-32P]triphos-
2) and PC12Pi cells (lanes 3 and 4), untreated (lanes 1 and 3), or treatedphate using a transcription kit (Stratagene). RPA was
with NGF (100 ng/ml) for 48 hr (lanes 2 and 4). RNA samples wereperformed using a RPA II kit (Ambion Inc., Austin, TX).
analyzed by Northern blot hybridization using the indicated probes.
Protected fragments were purified, separated by 8 M SRNA refers to the small RNA segment of the LCMV genome; LCMV
urea–polyacrylamide (5%) gel electrophoresis, and quan- NP refers to the nucleoprotein of LCMV. The figure shown corresponds
to an autoradiography after 14 hr of exposure; longer exposure timetified by PhosphorImager. The input of total RNA in each
allowed the detection in lanes 3 and 4 of a band corresponding toreaction was normalized with respect to the level of 18S
GAP43. (B) Levels of GAP43 steady-state mRNA were normalized withribosomal RNA in the sample (estimated by ethidium
respect to the level of GAPDH. Shown are average levels ({ standard
bromide staining after electrophoresis of samples on 1% deviation) of GAP43 steady-state mRNA by PhosphorImager obtained
formaldehyde–agarose gels). The half-life (t1/2) of GAP43 from three independent experiments.
mRNA was calculated by the formula M  M0e0lt, where
M is the amount of mRNA at time t, M0 is the amount of
mRNA at t  0, and l  (ln 2)/t1/2 . NGF-treated PC12 cells exhibited the expected mor-
phological changes, including outgrowth of long
RESULTS branching neurites and processes (Figs. 2A and 2B).
However, when NGF was added to the culture ofLCMV persistently infected PC12 cells exhibit
PC12Pi cells, no significant morphological changesdecreased steady-state levels of GAP43 mRNA
were observed over a period up to 72 hr (Figs. 2C andPreviously, we documented the establishment of
2D). We also noticed some morphological differencesPC12 cells persistently infected with LCMV ARM 53b
between PC12 and PC12Pi cells (compare Figs. 2A(PC12Pi) and we showed that NGF-induced upregula-
and 2C). Persistently infected cells appeared to betion of GAP43 was impaired in PC12Pi cells (de la
larger in size and flatter than uninfected PC12 cells.Torre et al., 1996). Here, we conducted a detailed
quantitative analysis of GAP43 mRNA expression in
PC12 and PC12Pi cells by using Northern blot hybrid- LCMV persistent infection decreases the rate of
izations and PhosphorImager. To reduce the effect of GAP43 transcription in PC12 cells
different culture conditions on the expression of
To further investigate how LCMV specifically alters theGAP43 mRNA, we have used PC12 and PC12Pi cul-
expression of GAP43, we examined its rate of transcrip-tures that had the same cell density and a similar
tion in both PC12 and PC12Pi cells using a nuclear run-number of passages. The levels of GAP43 mRNA were
on assay. Nuclei prepared from each cell line were usednormalized with respect to GAPDH, a housekeeping
for in vitro transcriptional elongation reaction. Radiola-gene whose expression was not affected by LCMV
beled transcripts were hybridized to nylon membranepersistent infection. Steady-state levels of GAP43
strips containing immobilized GAP43 and GAPDH cDNAmRNA were found to be 3.5-fold lower in PC12Pi cells
sequences, as well as puc18 plasmid DNA sequences.than in PC12 cells (Fig. 1, lanes 1 and 3). The GAP43
Levels of transcripts hybridized to each DNA samplemRNA steady-state level in NGF-treated PC12 cells
were determined by using a PhosphorImager. After sub-was 4.2 { 0.9-fold higher than in untreated PC12 cells
tracting the level of background signal obtained with(Fig. 1, lane 1 vs lane 2). In contrast, no significant
puc18, the levels of GAP43 transcripts were normalizedincrease of GAP43 mRNA was associated with NGF
with respect to that of the housekeeping gene GAPDHtreatment of PC12Pi cells (Fig. 1, lanes 3 and 4). Quan-
(Fig. 3). We observed about a threefold reduction in thetitation of GAP43 mRNA levels from three independent
rate of GAP43 transcription in PC12Pi cells compared toexperiments for PC12Pi / NGF versus PC12Pi gave a
ratio of 1.5 { 0.9 (Fig. 1B). PC12 cells.
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FIG. 2. Cellular morphological changes in response to NGF treatment. PC12 cells (A and B) and PC12Pi cells (C and D) were plated on culture
dishes coated with collagen. Culture medium was replaced with either fresh complete medium (A and C) or low serum medium containing 100 ng/
ml NGF (B and D). 48 hr later, the morphology of the living cells on culture dishes was examined using a phase-contrast microscope with a 20X
objective lens. Images were acquired using a video camera and processed with BDS-image and Adobe Photoshop software. All images were
contrast-stretched and sharpened for display.
Persistently infected PC12 cells do not stabilize Consistent with previous reports, NGF treatment signifi-
cantly increased the half-life of GAP43 mRNA in PC12GAP43 mRNA in response to NGF treatment
cells from 4.3 to 12.0 hr. In contrast, the half-life of GAP43
NGF treatment of PC12 cells posttranscriptionally sta- mRNA was increased only from 5.3 to 7.5 hr in PC12Pi
bilizes GAP43 mRNA, thus leading to an increased cells following NGF treatment, a statistically nonsignifi-
steady-state level of GAP43 mRNA (Federoff et al., 1989; cant change (P  0.5). These results were confirmed in
Perrone-Bizzozero et al., 1993). Therefore, we examined two sets of experiments performed independently.
the effect of LCMV persistent infection on the half-life of
GAP43 mRNA. PC12 and PC12Pi cells were cultured with NGF signal transduction is perturbed in PC12Pi cells
or without NGF for 24 hr and then treated with DRB, an
inhibitor of RNA polymerase II (Harrold et al., 1991) at 21 NGF exerts its effects via several signal transduction
pathways (Halegoua et al., 1991). Treatment of NGF trig-mg/ml (65 mM). Total cellular RNA was extracted at the
indicated time points and levels of GAP43 mRNA were gers a spectrum of changes inside PC12 cells which
involve transient increased expression of proto-onco-determined by ribonuclease protection assay (Fig. 4).
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affect the viability of the cells nor LCMV replication in
PC12Pi cells.
DISCUSSION
In this study, we have investigated the effects of LCMV
persistent infection on the biogenesis of GAP43 RNA
that leads to downregulation of its steady-state levels in
differentiated neuronal PC12 cells. We found that LCMV
persistent infection affects the expression of GAP43 in
two ways: (i) decreasing the rate of transcription, and (ii)
interfering with increased stability of GAP43 mRNA in
response to NGF. In addition, LCMV persistent infection
likely interferes with a step(s) downstream of protein ki-
nases A and C along the signal transduction pathway
of NGF.
GAP43 plays a critical role in CNS development, neu-
ronal regeneration, and synaptic plasticity processes as-
FIG. 3. PC12Pi cells have decreased rate of GAP43 transcription. sociated with learning and memory (Gispen et al., 1991;
Rates of GAP43 transcription in PC12 and PC12Pi cells were analyzed Strittmatter et al., 1992). It is the most prominent protein
by run-on assays. Signals of labeled run-off transcripts hybridized to associated with elongating nerve growth cones (Meiri et
puc18, GAP43, and GAPDH sequences immobilized on nylon mem-
al., 1986; Skene et al., 1986). In addition to its role inbrane are shown (top). Hybridization signals were quantified by Phos-
axonal extension and growth cone morphology, GAP43phorImager. Rates of GAP43 transcription in PC12Pi cells normalized
with respect to PC12 cells (100%) are shown (bottom). has been implicated in regulating the growth cone signal
genes, such as c-fos and c-myc (Greenberg et al., 1985),
followed by increased intracellular concentration of
cAMP, as well as phospholipid turnover products (Schu-
bert et al., 1977, 1978). Subsequently several kinase sys-
tems, including protein kinase A (PKA), protein kinase C
(PKC), and perhaps other kinases, are activated to medi-
ate additional signal transduction pathways (Cremins et
al., 1986; Qiu and Green, 1992; Yu et al., 1980). Evidence
indicates that NGF-induced upregulation of GAP43
mRNA is mediated by a pathway involving protein kinase
C (Perrone-Bizzozero et al., 1993).
To dissect the effect of LCMV infection on the signal
transduction pathways of NGF, we treated PC12 and
PC12Pi cells with several agents which selectively influ-
ence the function of different factors involved in these
pathways. Basic fibroblast growth factor (bFGF) triggers
intracellular effects similar to those of NGF, but using a
different receptor at the cell surface (Baird, 1994). Dibu-
tyryl cyclic AMP (dbcAMP) can directly increase the intra-
cellular level of cAMP, which in turn activates protein
kinase A, whereas phorbol ester TPA acts as a potent
activator of protein kinase C. Treatment of PC12 cells
with each one of these agents greatly augmented the FIG. 4. Change of GAP43 mRNA half-life in response to NGF treat-
steady-state levels of GAP43 mRNA (Fig. 5). Concomi- ment in PC12 and PC12Pi cells. (A) PC12 and PC12Pi cells with or
without NGF treatment (24 hr at 100 ng/ml in low serum medium) weretantly, these factors also induced outgrowth of neurites
treated with DRB (65 mM). At 0, 3, 9, and 12 hr post-DRB treatment,and processes in PC12 cells (not shown). In contrast,
total RNA was extracted and levels of GAP43 mRNA were determinedreproducibly in several independent experiments, none
by ribonuclease protection assay. (B) The decay curves of GAP43
of these agents led to increased GAP43 mRNA steady- mRNA from each cell lane are plotted on a semi-log scale (curves are
state levels (Fig. 5) or morphological changes in PC12Pi fit exponentially; coefficient factors are all above 0.95). (C) Calculated
half-life of GAP43 mRNA in each cell line.cells (not shown). Administration of these factors did not
AID VY 8458 / 6a2f$$$523 03-15-97 08:25:11 vira AP: Virology
152 CAO, OLDSTONE, AND DE LA TORRE
vesicular stomatitis virus (Black and Lyles, 1992) and
measles virus (Schneider-Schaulies et al., 1995). More-
over, we have reported that LCMV persistent infection of
growth hormone (GH)-producing cells leads to reduced
levels of GH mRNA transcription both in vivo (Klavinskis
and Oldstone, 1989; Valsamakis et al., 1987), and in tis-
sue culture (de la Torre and Oldstone, 1992). In vivo,
this viral effect contributes to the development of a GH
deficiency syndrome (Oldstone et al., 1984, 1982). Reduc-
tion in GH synthesis is due in part to the altered activity
of the GH transactivator GHF1 (pit1) caused by LCMV
infection of GH-producing cells (de la Torre and Old-
stone, 1992). The detailed molecular mechanisms
whereby LCMV interferes with GHF-1 activity remain to
be determined.
The high expression levels of GAP43 in differentiated
PC12 cells is due mostly to the posttranscriptional stabili-
zation of GAP43 mRNA, a process mediated by PKC (Per-
rone-Bizzozero et al., 1993). Our results indicate that in
addition to its effects on transcription, LCMV persistent
FIG. 5. Effect of persistent LCMV infection on NGF signal transduc- infection also interferes with this posttranscriptional
tion pathways. PC12 (lanes 1, 3, 5, 7, and 9) and PC12Pi cells (lanes 2, event. Moreover, we provided evidence that the effects
4, 6, 8, and 10) were treated with the following factors: normal complete
of LCMV on GAP43 mRNA stability and other cellularmedium (lanes 1 and 2), 100 ng/ml NGF (lanes 3 and 4), 10 ng/ml bFGF
responses to NGF involve a factor(s) downstream of pro-(lanes 5 and 6), 1 mM dbcAMP (lanes 7 and 8), and 160 nM TPA (lanes
9 and 10) for 48 hr. Total RNA was isolated and analyzed by Northern tein kinases A and C along the signal transduction path-
blot analysis using the indicated probes. way of NGF. Little is known about the factors directly
involved in controlling the half-life of GAP43 mRNA. It has
been proposed that the interaction between the highlytransduction systems via its interaction with G protein
and calmodulin (Alexander et al., 1988; Strittmatter et conserved pyrimidine-rich sequences in the 3*-untrans-
lated region of GAP43 mRNA and specific cytosolic RNA-al., 1992; Strittmatter, 1992). Moreover, GAP43 facilitates
neurotransmitter release and peptide hormone secretion binding proteins plays a key role in the regulation of
GAP43 mRNA stability (Kohn et al., 1996). We are cur-(Dekker et al., 1989; Gamby et al., 1996). Given its crucial
biological functions, factors that control the levels of rently examining whether these recently identified cyto-
solic proteins are altered either in their levels or in theirGAP43 are likely to play an important role in neuronal
functions. Regulation of GAP43 expression operates at functions in PC12Pi cells.
Until this report, glucocorticoid has been reported asmultiple levels, including its rate of transcription, mRNA
stabilization, and posttranslational modification (Basi et the only transcriptional negative regulator of GAP43 ex-
pression (Federoff et al., 1989). Treatment with cortico-al., 1987; Perrone-Bizzozero et al., 1993; Strittmatter et
al., 1992). steroids also abrogates the PKC-mediated enhancement
of GAP43 mRNA stability (Perrone-Bizzozero et al., 1993).Our data have shown that LCMV persistent infection
caused a reduction in the rate of GAP43 transcription. Interestingly, the effects of LCMV persistent infection on
the expression of GAP43 parallel those observed follow-Transcriptional control of GAP43 has been documented
during both CNS development and regeneration (Basi et ing the treatment of glucocorticoid. It remains to be deter-
mined whether LCMV and glucocorticoid exert their ef-al., 1987). However, examination of the promoter se-
quence of GAP43 gene has failed to reveal any specific fects on GAP43 expression through a common pathway.
LCMV persistent infection of PC12 cells prevented theresponse elements that would interact with known tran-
scription factors (Eggen et al., 1994; Nedivi et al., 1992; cellular morphological changes normally seen in PC12
cells in response to NGF treatment (Fig. 1). GAP43 pro-Starr et al., 1994). Regulation of GAP43 transcription also
involves elements located within its first intron (Vanselow tein is not essential for axonal outgrowth or growth cone
formation either in vitro or in vivo (Baetge and Hammang,et al., 1994). Whether LCMV interferes with factors acting
on GAP43 promoter sequences or on the first intron of 1991; Strittmatter et al., 1995). PC12 cells deficient in
GAP43 expression were able to extend neurites and pro-the gene remains to be investigated. It might seem para-
doxical that a cytoplasmic virus such as LCMV can per- cesses normally (Baetge and Hammang, 1991). Hence,
in addition to reducing the expression of GAP43, LCMVturb nuclear transcription in the infected cells. However,
alterations in host cellular gene expression have been persistent infection may also alter other cellular func-
tions involved in neuronal differentiation. However, NGF-documented with several cytoplasmic viruses, including
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Baetge, E. E., and Hammang, J. P. (1991). Neurite outgrowth in PC12induced expression of amyloid precursor protein and c-
cells deficient in GAP-43. Neuron 6, 21–30.fos was not affected in PC12Pi cells (de la Torre et al.,
Baird, A. (1994). Fibroblast growth factors: Activities and significance
1996). Thus LCMV persistent infection appeared to inter- of non-neurotrophin neurotrophic growth factors. Curr. Opin. Neuro-
fere with specific, but not all of the, cellular responses biol. 4, 78–86.
Basi, G., Jacobson, R., Virag, I., Schilling, J., and Skene, J. (1987). Primaryto NGF.
structure and transcriptional regulation of GAP-43, a protein associ-In this study, we have utilized cultured PC12 cells
ated with nerve growth. Cell 49, 785–791.which have been extensively used for studying neuronal
Bisby, M., and Tetzlaff, W. (1992). Changes in cytoskeletal protein syn-
differentiation and GAP43 expression (Greene and thesis following axon injury and during axon regeneration. Mol. Neu-
Tischler, 1976; Halegoua et al., 1991). The observations robiol. 6, 107–123.
Buchmeier, M. J., Welsh, R. M., Dutko, F. J., and Oldstone, M. B. A.described here are consistent with our previous findings
(1980). The virology and immunobiology of lymphocytic choriomenin-in vivo (de la Torre et al., 1996). However, we cannot
gitis virus infection. Adv. Immun. 30, 275–331.rule out the possibility that metabolic and physiologic
Cremins, J., Wagner, J. A., and Halegoua, S. (1986). Nerve growth factor
differences between cells propagated under tissue cul- action is mediated by cyclic AMP and Ca2//phospholipid-dependent
ture conditions and those present in the CNS environ- protein kinases. J. Cell Biol. 103, 887–893.
de la Torre, J. C., Mallory, M., Brot, M., Gold, L., Koob, G., Oldstone,ment may differently affect the rate of synthesis and sta-
M. B. A., and Masliah, E. (1996). Viral persistence in neurons altersbility of GAP43 mRNA.
synaptic plasticity and cognitive functions without destruction ofAltered expression of GAP43 has been reported during
brain cells. Virology 220, 508–515.
ocular herpes simplex virus type 1 (HSV-1) infection of de la Torre, J. C., and Oldstone, M. B. A. (1996). The anatomy of viral
the rabbit (Martin et al., 1996). Factors involved in mainte- persistence: Mechanisms of persistence and associated disease.
Adv. Virus Res. 46, 311–343.nance of HSV-1 latency and its reactivation have been
de la Torre, J. C., Rall, G., Oldstone, C., Sanna, P., Borrow, P., andproposed to be linked to elements regulating GAP43 ex-
Oldstone, M. B. (1993). Replication of lymphocytic choriomeningitispression (Martin et al., 1996). Interestingly, infection of
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tion of GAP-43 expression, a phenomenon associated Dekker, L. V., de Graan, N. E., Oestreicher, A. B., Versteeg, D. H. G., and
Gispen, W. H. (1989). Inhibition of noradrenaline release by antibod-with neuronal sprouting (Henken et al., 1996). Hence,
ies to B-50 (GAP43). Nature 342, 74–76.viruses can modulate GAP43 expression in different
Dutko, F., and Oldstone, M. (1983). Genomic and biological variationways. In LCMV persistent infection in vivo, GAP43 ex-
among commonly used lymphocytic choriomeningitis virus strains.
pression is markedly decreased in the molecular layer J. Gen. Virol. 64, 1689–1698.
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